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Abstract: This paper develops the computation of soft super symmetry breaking terms 
for chiral D7 matter fields in IIB Calabi-Yau flux compactifications with stabilised moduli. 
We determine explicit expressions for soft terms for the single-modulus KKLT scenario 
and the multiple-moduli large volume scenario. In particular we use the chiral matter 
metrics for Calabi-Yau backgrounds recently computed in hep-th/0609180. These differ 
from the better understood metrics for non-chiral matter and therefore give a different 
structure of soft terms. The soft terms take a simple form depending explicitly on the 
modular weights of the corresponding matter fields. For the large- volume case we find that 
in the simplest D7 brane configuration, scalar masses, gaugino masses and A-terms are 
very similar to the dilaton-dominated scenario. Although all soft masses are suppressed by 
ln(Mp/m 3/ / 2 ) compared to the gravitino mass, the anomaly-mediated contributions do not 
compete, being doubly suppressed and thus subdominant to the gravity-mediated tree-level 
terms. Soft terms are flavour-universal to leading order in an expansion in inverse Kahler 
moduli. They also do not introduce extra CP violating phases to the effective action. 
We argue that soft term flavour universality should be a property of the large-volume 
compactifications, and more generally IIB flux models, in which flavour is determined by 
the complex structure moduli while supersymmetry is broken by the Kahler moduli. For 
the simplest large-volume case we run the soft terms to low energies and present some 
sample spectra and a basic phenomenological analysis. 
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1. Introduction 



The imminent advent of the LHC is an excellent motivation to develop techniques to relate 
high energy string compactifications to observable low-energy collider physics. The LHC 
will be an unprecedented probe of the terascale and of the physics that stabilises the 
electroweak hierarchy. If supersymmetry is discovered at the LHC and the spectrum of 
superpartners measured, it will be necessary to connect the features of this spectrum to 
a more fundamental theory such as string theory. This connection is provided by the soft 
terms, that parametrise supersymmetry breaking and whose RG running determines the 
low-scale spectrum. 

Supersymmetry breaking and the effective supergravity Lagrangian are among the 
most studied areas of string phenomenology [1,2]. There are two principal tasks here, the 
first to determine how supersymmetry is broken and the second to determine how this 
breaking is transmitted to the matter fields. The first task primarily requires control of the 
moduli potential. This determines the vacuum structure of the theory. By studying the 
minima of the potential, it is possible to work out which fields break supersymmetry and the 
magnitude of the relevant F-terms. The second task requires a knowledge of the couplings 
of the fields breaking supersymmetry to the matter sector. In a supergravity context, this 
is equivalent to knowing the modular dependence of the gauge kinetic functions and matter 
metrics. These are necessary to go from the moduli F-terms to soft masses for squarks and 
sleptons. 
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In recent years much progress has been made on the first problem. In the original 
studies of soft terms in string compactifications, it was necessary to classify supersymmetry 
breaking as S-, T- or [/-dominated, depending on the dominant F-term, without attempting 
to specify the underlying microscopic source of supersymmetry breaking [2]. These studies 
were restricted to the heterotic string and were limited by the lack of controlled potentials 
in which all moduli were stabilised. In recent years much progress has been made in the 
field of moduli stabilisation [3-5], particularly in the context of type II compactifications. 
The most substantial advance is that it is now possible to compute potentials that can 
stabilise all the moduli in a controlled fashion. By studying the vacuum structure of these 
potentials, it becomes possible to determine from first principles how supersymmetry is 
broken and by which moduli. 

Progress has also been made on the second problem. At a practical level, this requires 
knowledge of the gauge kinetic functions f a (&i) and the matter metrics K a *($>i). The 
former, being holomorphic, are relatively easy to compute but it is in general a hard 
problem to compute the latter. However both are necessary to go from a supersymmetry- 
breaking vacuum to soft masses and trilinear A-terms. On flat toroidal backgrounds, the 
Kahler metrics for chiral bifundamental matter can be computed through explicit string 
scattering computations [6,7]. In Calabi-Yau backgrounds, it is possible to use dimensional 
reduction to compute Kahler metrics for D7 adjoint and Wilson line matter, but this does 
not apply to bifundamental matter. However it was recently described, in a companion 
paper [8] to the present one, how to compute bifundamental Kahler metrics for Calabi-Yau 
backgrounds. The purpose of this paper is to apply these results to the computation of 
soft terms. 1 . 

For realistic models of supersymmetry breaking, it is necessary that the scale of su- 
persymmetry breaking be hierarchically small, in order to generate a TeV-scale gravitino 
mass and explain the hierarchy between the weak and Planck scales. One class of mod- 
els in which this occurs naturally are the large-volume models of [11, 12]. These arise in 
IIB flux compactifications once the leading a' correction is used to lift the no-scale struc- 
ture. They fix all the moduli and are characterised by the resulting exponentially large 
volume V. The large volume arises from the combination of a' Kahler corrections and 
non-perturbative superpotential corrections. The large volume lowers both the string scale 
m s and the gravitino mass m 3 / 2 , 

M P M P 
m s ~ -j= , m 3/2 ~ — W o- 

Here Mp is the Planck mass and Wo the flux-induced superpotential. For generic values 
of Wo ~ 1, a volume V ~ 10 15 Z!? corresponds to TeV-scale soft terms. This gives a string 
scale m s ~ 10 11 GeV. A notable feature of these models is that the large volume occurs 
dynamically and there is no need to fine-tune Wo- If we do fine-tune the flux superpotential 
Wo <C 1, the value of the string scale can be increased to the GUT scale. Fine-tuned flux 
superpotentials are characterstic of the KKLT scenario, for which Wo ~ 10~ 13 gives rise to 
a TeV gravitino mass and a GUT string scale. 



lr The soft terms for chiral matter fields in toroidal models were considered in [9, 10]. 
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Supersymmetry breaking and soft terms for the large volume models have been dis- 
cussed in [12-14]. The first of these papers computed the overall scale of the soft terms 
and the second identified a logarithmic suppression in the gaugino masses compared to the 
gravitino mass, with the scalar masses generically not suppressed. However these results 
were for non-chiral D7 matter fields which are less relevant for phenomenology. Chiral 
matter was not considered in [14] due to the fact that the appropriate Kahler potentials 
were not known. 

An alternative scenario of soft terms has also been put forward in [15-17]. This uses 
the simplest KKLT scenario with one Kahler modulus. 2 A suppression of all soft terms 
was also found in such a way that the anomaly-mediated contribution to the soft terms 
was of a similar order to the soft terms induced by the moduli F-terms. This gave rise to 
an interesting scenario that has been named mirage mediation. Having a single modulus 
simplifies some of the calculations and the structure of soft terms was found for all possible 
modular weights of the D7 matter fields. However the phenomenological analysis was 
performed only for the modular weights corresponding to non-chiral matter, again because 
those for chiral fields were unknown. 

In [8] the functional dependence of the chiral matter metric on the moduli fields was 
recently computed for the above models, and in this paper we will use these results to 
further develop the computation of soft terms. We will then obtain the expressions for 
soft terms for chiral fields in both scenarios. These are the phenomenologically relevant 
expressions since squarks and sleptons come from chiral matter fields. 

Both the above models involve gravity-mediated supersymmetry breaking. A com- 
mon criticism of gravity-mediation is that generic supersymmetry breaking leads to non- 
universal squark masses and large unobserved flavour-changing neutral currents. This arises 
because in gravity mediation both flavour and supersymmetry breaking are UV-sensitive, 
and thus one would expect that the two cannot be decoupled - the physics breaking super- 
symmetry is also sensitive to flavour. We will consider this point and argue that it does 
not hold in the large- volume models, or more generally in IIB flux compactifications, as 
the sector that gives flavour - the complex structure moduli - and the sector that breaks 
supersymmetry - the Kahler moduli - are decoupled at leading order. 

The structure of this paper is as follows. In section |2| we review the basics of gravity- 
mediated supersymmetry breaking and recall the results of [8] on bifundamental matter 
metrics. In section ^ we start by reviewing the large volume model and its geometry. In 
section |3.2| we use these matter metrics to perform the computations of soft terms for 
diagonal matter metrics, in the limit of large cycle volume and dilute fluxes. In section 



3.3 we repeat these computations for the case of non-diagonal matter metrics, obtaining 
identical results. In section [TJ we give a general discussion of universality in gravity- 
mediated models and explain why the decoupling of Kahler and complex structure moduli 



2 Actually the separation of these as two alternative scenarios is not really appropriate. The reason is 
that starting with the minimum of the scalar potential in the large volume scenario, which has a natural 
0(1) flux superpotential Wo, it has been shown that, reducing the value of Wo, in the limit of Wo <C 1 one 
reproduces the KKLT minimum that requires very small Wo- It is instead more appropriate to talk about 
two limits of the same scenario. 
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naturally makes the soft terms of IIB flux models flavour-universal. We also compute the 
anomaly mediated contribution within supergravity and find it to be suppressed compared 
to the tree-level soft terms. In section ^ we perform a simple phenomenological analysis 
of the soft terms, carrying out the running and illustrating this with sample spectra. In 
section |5| we discuss the simplest KKLT one-modulus scenario, mostly to illustrate how our 
results modify the previous analysis of this scenario. Finally, in section |6| we conclude. 



2. Moduli SUSY Breaking 

2.1 Effective N = 1 Supergravity Lagrangian 

A four dimensional N = 1 supergravity Lagrangian is specified at two derivatives by the 
Kahler potential K, superpotential W and gauge kinetic function f a . The computation of 
soft terms starts by expanding these as a power series in the matter fields, 

W = W{$) + M<*>)#i#2 + ^Y aM {^)C a C^C^ + ..., (2.1) 

K = K{<b, $) + K a p($, $)C a CP + [Z($, <l)#i#2 + h.c] + ..., (2.2) 
fa = /„(*)■ (2.3) 

C a denotes a matter field and we have here, for convenience, separated the Higgs fields 
Hi t 2 from the rest of the matter fields and specialised to the MSSM by assuming two Higgs 
doublets. We use to denote an arbitrary modulus field and do not specify the total 
number of moduli. 

In IIB compactifications the Kahler potential and superpotential for the moduli take 
the standard form [4,18-20], 

= -2 In ^V + ^-f/jJ - hi(iJnAnJ -hx(S + S). (2.4) 

w($) = f g 3 An + Y, A i e ~ a ' Ti - ( 2 - 5 ) 

i 

V is the Einstein-frame volume of the Calabi-Yau. The first term in K is the Kahler 
moduli dependence, including the leading a' correction, while the second and third give 
the complex structure and dilaton dependence. In the superpotential, the first term is the 
flux-induced superpotential [18] that depends on dilaton and complex structure moduli. 
When evaluated at the minimum of the potential with respect to these moduli, this is 
denoted by Wq. The second term is the nonperturbative superpotential responsible for 
fixing the Kahler moduli. Note the separate dependences of W and K on the complex 
and Kahler moduli. This will play an important role when we subsequently discuss flavour 
universality. 

The gauge kinetic functions f a {&) depend on whether the gauge fields come from D3 
or D7 branes and, in the latter case, on the 4-cycle wrapped by the D7 brane. If Tj is the 
Kahler modulus corresponding to a particular 4-cycle, reduction of the DBI action for an 
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unmagnetised brane wrapped on that cycle gives 

fi = — • (2.6) 
J 2-k v ' 

We are interested in magnetised branes wrapped on 4-cycles. The magnetic fluxes alter 

S to 

f i = hi(F)S+^, (2.7) 

where hi depends on the fluxes present on that stack. This can be understood micro- 
scopically. The gauge coupling is given by an integral over the cycle S wrapped by the 
brane, 



1= [ Ae-V<? + (27ra')^- (2- 



Thus in the presence of flux, the gauge coupling is no longer determined simply by the cycle 
volume. The factors h a (F) have been explicitly computed for toroidal orientifolds [6,9]. 

The presence of the term h a (F) can also be understood from the mirror IIA description. 
In the mirror description, IIB D7 branes become IIA D6 branes (see for example [21]). 
The different choices of magnetic flux on D7-branes correspond to different cycles wrapped 
by D6 branes. As different cycles have different sizes, it is manifest that the different 
branes should have different gauge couplings. The functions h a (F) are topological and 
so in principle may be computed even on Calabi-Yau geometries. However a sensible 
computation would require a geometry already yielding the Standard Model matter content 
- a hard and unresolved problem. Notice that (|2.7[) allows for non-unified gauge couplings, 
which are consistent with an intermediate string scale. 

The computation of soft scalar masses and trilinears depends crucially on the Kahler 
potential for matter fields Kap{&,&) and Z(<&,<&). However these are also the least un- 
derstood part of the supergravity effective action, as being nonholomorphic they are not 
protected in the same way that the superpotential is. For D3 and D7 fields living in the 
adjoint of the gauge group the matter metrics have been computed in [22], and for chiral 
bifundamental matter fields the Kahler potential has been fully computed only in particular 
toroidal orientifold models [9]. 

This paper is a companion to [8], where it was recently described how for the geometry 
of the large-volume models the dependence of the bifundamental matter metric on the 
Kahler moduli may be computed using scaling arguments involving the physical Yukawa 
couplings, 3 

Y a07 = e^ 2 . Y fl (2.9) 

As the combination of shift symmetry and holomorphy implies that the Kahler moduli do 
not appear perturbatively in Y a p~, it is possible to extract the behaviour of the matter 
metrics K a ^(Ti) through the scaling of the physical Yukawa couplings Y a p 1 (Ti). This 
scaling may be computed through wavefunction overlap or direct dimensional reduction of 
higher-dimensional Yang-Mills. 



Formula (2.£) specialises to the case of diagonal matter metrics, K a p — K a 8 a p (no sum on right hand 



side), but the results hold equally well in the general, non-diagonal case. 
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Let us review the simplest argument of [8]. The notation used here will be more fully 
explained in section ||. We suppose the Standard Model is supported on a small cycle t s 
within a large bulk r^. This geometry is that encountered in models of branes at (resolved) 
singularities or the large volume models which will be reviewed in section |3[ In this case 
locality implies the physical Yukawa couplings are determined only by the local geometry 
and are independent of the overall volume. As K = — 2 In V, for this to apply in ( |2.9| ) we 
must have 

where <j) are complex structure moduli. Expanding k a p(cft,T s ) in a power series in r s , we 
can write the resulting metric as 

This expression holds in the limit of dilute fluxes and large cycle volume r s and will receive 
corrections subleading in r s . For the minimal model in which all branes wrap the same 
cycle, it was shown in [8] that A = 1/3. For other cases A may take values between and 
1. However in computations we will often start by using the more general form 

The purpose of this is to illustrate the special cancellations that occur uniquely for the 
form 



For KKLT models with a single modulus, similar arguments [8] allow us to likewise 
write 

K c# ~ -7273-' ( 2 - 13 ) 

where r = Re(T) is the size of the single 4-cycle. 

We refer to [8] for the full derivations of ( 2.11 ) and ( 2.13| ), as our focus is on using 
these formulae to compute soft terms. 

2.2 Soft Breaking Terms 

The full M = 1 scalar potential is 

V = e K ^WiWD-jW -3\W\ 2 ^j , (2.14) 

where DiW = diW + (piK)W . The soft supersymmetry breaking terms are found by 
expanding ( p. 14 ) in powers of the matter fields using the expansions (|2.1|). We will give 



the formulae for these below for diagonal matter metrics and in section |3.3| for nondiagonal 
matter metrics, but first we make some general remarks. 

Gravity-mediated supersymmetry breaking is quantified through the moduli F-terms, 
given by 

pm = e K/2K mn DnW. (2.15) 
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We can assume without loss of generality that the superpotential W is real. To see this, 
note from the Lagrangian in Appendix G of [23] that a phase rotation of the superpotential 
can be achieved through phase redefinitions of the gauginos, chiral fermions and gravitino. 
In this case the gravitino mass is real while both the gaugino masses and A-terms are 
generically complex. 

Given the F-terms, the easiest soft parameters to compute are the gaugino masses. In 
terms of the unnormalised field A a , the canonically normalised gaugino field A a is 



A a = (Re/ a )5A a . 

The canonically normalised gaugino masses are then given by 

, , _ 1 F d m f a 
Ma ~ 

The gaugino masses that follow from (|2.7| ) are given by 

F s 1 



Mi 



2 T s + 2TTh a {F)S 



(2.16) 



(2.17) 



(2.18) 



In the limit of large cycle volume, the flux becomes diluted and the gauge coupling is 
determined solely by the cycle size. We shall mostly work in this dilute flux approximation, 
in which the gaugino masses become 



Mi 



F s 
2^ 



(2.19) 



The fractional non-universality of gaugino masses is set by the flux contribution to the 
gauge couplings. The quasi-universal relation ( |2,19| ) holds for the minimal geometry: if 
there are several small cycles involved the expressions for gaugino masses may involve 
several moduli and be more complicated. 

For a diagonal matter metric the soft scalar Lagrangian can be written as 



C soft = K a d^C a d»C« - m 2 a C a C« - (^A a ^Y a ^C a C^C^ + BfiHiH 2 + h.c^j 
with the scalar masses, A-terms and B-term being given by [2] 

l 3/2 



(m 2 3/2 + Vo) - F fh F n d m d n log K a . 



A 



a(3-y 



K m + dm log Yr 



Bp. = (K Hl K H2 ) 



2 < e 



k l\ ( F 



d m logtKaKpKj) 



K m + d m log -dm \og{K H iK H2 ) 



(2.20) 



(2.21) 
(2.22) 



"^3/2 



+ (2m 2 3/2 + V )Z- m 3/2 F m dmZ + m 3/2 F m 8 m Z - Zd m \og(K Hl K H2 ) 



pmpr, 



d m d n Z - (d m Z)d n \og(K Hl K H2 



(2.23) 
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There exist similar formulae for non-diagonal matter metrics that we will present in 



section 3.3. The computation of soft scalar masses requires knowledge of the matter metric, 



which we take from (2.11) and (2.12). As above these expressions should be understood 
as holding in the limit of large cycle volumes and dilute fluxes. We will perform our 
computation of MSSM soft parameters for both diagonal and non-diagonal matter metrics, 
before subsequently explaining why the latter reduces to the first and how the decoupling 
of Kahler and complex structure moduli gives rise to soft term universality. 

In order to compute the soft breaking terms - gaugino and scalar masses, A-terms 
and the B-term, we need a class of models for which we can compute the corresponding 
F-terms. We can then combine these and the expression for K a p into the above formulae 
to compute these quantities. We will first discuss the structure of soft terms in the large 
volume scenario which we need to introduce in detail. We later discuss the implications of 
our matter metric for the one-modulus KKLT scenario. 

3. The Large- Volume Model 
3.1 Geometry 

We start this section with a brief description of the geometry of the large-volume models. 
These models exist within the framework of IIB flux compactifications with D3 and D7 
branes. 

The dilaton and complex structure moduli are stabilised by fluxes. The Kahler moduli 
are stabilised by a combination of a 1 corrections and nonperturbative superpotentials. As 
shown in [11, 12], these very generally interact to produce one exponentially large cycle 
controlling the overall volume together with hr' — 1 small cycles. We denote the large 
and small moduli by = r& + zq, and Tj = r« + ici respectively, with i = 1 . . . h 1 ' — 1. 
Consistent with this, we assume the volume can be written as 

V = r 3 b /2 -h( Ti ), (3.1) 

where h is a homogeneous function of the t,- l of degree 3/2. 

The large volume lowers both the string scale and gravitino mass, 

M P , M P 

m s — and m 3/2 ~ m so f t ~ — . 

vV V 



The stabilised volume is exponentially sensitive to the stabilised string coupling, V ~ e^> , 
and may thus take arbitrary values. A volume V ~ 10 15 Zf = 10 15 (27rv / a') 6 is required to 
explain the weak/Planck hierarchy and give a TeV-scale gravitino mass. As m s ^> 7713/2, 
the low-energy phenomenology is that of the MSSM and thus the computation of soft terms 
is central to the study of the low energy phenomenology. 

The simplest model is that of Pm 1 1 6 9 j , which we use as our working example. For 
this the volume can be written as [24] 

v =M**-* i )- (3 - 2) 
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Tfc and t s denote the big and small cycles. Moduli stabilisation for this geometry has been 
studied very explicitly in [11, 12, 14], and we shall not repeat this discussion here. Our 
prime interest here is the computation of soft terms and the analysis of universality. The 
geometry of the large volume models is illustrated in figure |l[ The stabilised volumes 




Figure 1: The physical picture: Standard Model matter is supported on a small blow-up cycle 
located within the bulk of a very large Calabi-Yau. The volume of the Calabi-Yau sets the gravitino 
mass and is responsible for the weak/Planck hierarchy. 

of the small cycles are t s ~ InV. For V ~ 10 15 , 4 D7-branes wrapped on such cycles 
have gauge couplings qualitatively similar to those of the Standard Model. If the branes 
are magnetised, Standard Model chiral matter can arise from strings stretching between 
stacks of D7 branes. We assume the Standard Model arises from a stack of magnetised 
branes wrapping one (or more) of the small cycles. We do not attempt to specify the local 
geometry - for work in this direction, see [25]. 

In what we call the 'minimal model', there exists only one small blow-up 4-cycle 
on which a stack of magnetised D7 branes are wrapped. For the P 4 X 1 1 g g j model, this 
corresponds to wrapping D7 branes on the small cycle. The existence of only one small 
cycle need not be incompatible with the several different gauge factors and couplings of the 

4 If no dimensions are given the volume can be assumed to be measured in string units. 
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Standard Model. The spectrum of chiral fermions depends on the magnetic flux F present 
on the brane worldvolume. This is quantised on 2-cycles Ej, 

FeZ. (3.3) 

If several such 2-cycles exist within the 4-cycle, different brane stacks can be realised 
through different choices of 2-form flux on these 2-cycles. This is consistent with there 
being only one small Calabi-Yau 4-cycle, as these 2-cycles may be homologically trivial 
within the Calabi-Yau and only non-trivial when restricted to the 4-cycle. 

There is also no obstruction to the presence of chiral matter - if the cycle is a blow-up 
cycle, it is by construction localised in the Calabi-Yau. The branes thus cannot move off 
the cycle and there is no adjoint matter to give masses to strings stretching between branes. 
This permits a chiral spectrum, as is found in explicit models of branes at singularities. 
The geometry of this minimal model is shown in figure ||. 

3.2 Soft Term Computations 



We now want to use the above expression (2.11) for the matter metric in order to compute 



the soft terms. However, for much of the calculations we will instead use the more general 



expression (2.12). This will allow greater clarity of expression and will make apparent 



certain cancellations that only hold for the particular powers present in (2.11). We will 
first compute the soft terms assuming a diagonal metric and in section |3.3j generalise it for 
the non-diagonal case. 

Several results follow simply from the large- volume geometry illustrated in figure |l|. 
We first note that in the large-volume scenario, the F-term for the large modulus can be 
computed directly. 

F b = e k/2 k bn (d n W + {dnK)w\ . (3.4) 
It is a property of the Kahler potential K = — 21nV that 

K mn dr n K = -2r m . (3.5) 
In deriving this it is useful to recall that, as K = K{Ti + Tj), any function £l(K) satisfies 

9MK) = = ee ^l{k) = \^{K). (3.6) 

The stabilisation of the small moduli is such that d^W ~ e i ~ V" 1 , while K bi ~ V 2 / 3 . 
Thus k b ~%W ~ K U e~ Ti ~ V~ 1/3 , and so 

F b = -2r b m 3/2 (l + ©(V" 1 )) . (3.7) 

This implies that any soft breaking term solely depending on F b is naturally of order 
the gravitino mass rrc.3/2. However, it was established in [14] that the F-terms of the smaller 
Kahler moduli are hierarchically smaller: 

F l ~ 2r l - (3.8) 

log m 3/2 
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BULK 




1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 



Stack 1 
Stack 2 
Stack 3 
Stack 4 



Figure 2: In the minimal geometry, there is only one small 4-cycle. The different brane stacks of 
the Standard Model are distinguished by having different magnetic fluxes on the internal 2-cycles 
of the 4-cycle. In the minimal model above, these 2-cycles are not inherited from the Calabi-Yau 
and only exist as cycles in the geometry of the 4-cycle. Four distinct brane stacks are required 
to realise the Standard Model, and we schematically show how these stacks are distinguished by 
different choices of magnetic flux. 



in units of Mp = 1. Therefore if (as will occur) the dependence of the soft terms on F b is 
cancelled, the soft terms will naturally be smaller than the gravitino mass by a factor of 
log(Mp/m 3/2 ) ~ 30 -40. 

Using ( |3.7| ) and ( 2.12 ) the expression ( |2.21| ) for the soft scalar masses is easily seen to 



become 



m 2 a = (l- Pa )m 2 3/2 - PF'didj log k a (n, 0), (3.9) 
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where as a reminder the index i runs over small moduli only. 

Now consider the A-terms ( 2.22| ) . One simplification that can be made is that, at least 
in perturbation theory, 

F m d m logY a ^ = 0. (3.10) 

The reason for this is that the superpotential does not depend on the Kahler moduli T{. 
These have perturbative shift symmetries T — > T + ie that preclude any polynomial power 
of T appearing in the superpotential Yukawas Y a Rj, which thus depend only on complex 
structure moduli. 5 However, it is only the Kahler moduli that have non-vanishing F-terms 
and thus the sum in (3.10) vanishes. ( 2.22j ) therefore becomes 



A. 



a/3-f 



K m - d m logiKaKpK^ 



Now, 



F m K m = e k/2 k mn D n Wk ri 



-2T n (dnW + (d n K)W) 



(3.11) 

(3.12) 
(3.13) 



where we have used K mn k m = —2r n . As K = — 2 log V, dnk = —2^-. V is homogeneous 
of degree 3/2 in the r n , and thus 

2^r n dnV = —. 
Recalling that dnW ~ V -1 for the large-volume models, we get 

F m k m = Sm 3/2 (l + 0(V- 1 )). 

This gives 

A a ^ = 3m 3/2 - F m d m log(k a k( 3 k^ 

= 3m 3/2 - F h db \og{K a kpk 1 ) - F'di logik^K^). 



(3.14) 



(3.15) 
(3.16) 



Now, 



and so 



logikakpK-f) = -(p Q +pp+ p 7 ) log T b + log(A; a kpk^Ti , <f))), 



P a +P(3+ P-y 



2T h 



(where we have used -JL- = h-Mr)- Thus we obtain 



A 



3 - (p a + Pf3 + P^))in 3 / 2 - F'dilogikak^ 



(3.17) 



(3.18) 



3 We neglect any nonperturbative e T dependence; this is volume-suppressed and tiny. 
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We finally want to derive an expression for the B-term ( |2,23| ). In doing so we will use 
the result of [8] that fi = - this considerably simplifies expression ( |2.23| ) as many terms 
vanish. We expand in full: 



Bp. 



{2mj /2 + V )Z 



(K Hl K H2 

+m 3/2 {F m d m Z - F m d m Z) - m 3/2 ZF m d m log (k Hl K H2 



dfnd n Z - {dfnZ)d n \o<g (k Hl k H , 



(2ml /2 + V )Z + m 3/2 {F m d m Z - F™d m Z) 
-m 3/2 Z [f% \og{K Hl K H2 ) + F% log (k Hi K H2 

d- b d b z - (d- b z)d b \o g {k Hl k H2 ) 
d- b diZ - (d- b z)diio g (k Hl k H2 ) 
fydbZ - (d- J z)d b iog(k Hl k H2 ) 



-F h p b 



.p h F i 
.pi F b 



which gives 
Bp 



-F 3 F l 



3-az - (d-^diiogiku.k^ 



(2ml 2 + V )Z + T b p *m 3/2 [F%z - F~%z 



(k Hl k H2 

-m 3/2 Z -2T b m 3 / 2 d b ( - (pi + P2) log n^j + F l di \og{k Hl k H , 
-(2n) 2 m 2 3/2 [d- b d b (T b p *z) - d- b ( Tb p *z)d b (- ( Pl +p 2 )logr b ) 
+ {'ir b )m 3/2 F i [d-^r^z) - d- h (r; p * z)di \og{k Hl k H2 ) 
+ (2n)m 3/2 P \djdb(Tt P 'z) - d- j (T b Pz z)d b log ( - (p! +p 2 )\ogT b 



—F 3 F l 



d-Az - (d 1 z)d i io g (k Hl k H2 



This becomes 



Bp 



P1+P2 



-Vz 



(3.19) 



(3.20) 



(3.21) 



2 - (px +p 2 ) +Pz(pi + P2) -PziPz + l))ml /2 z + V z 



(k Hl k H2 Y 

+m 3/2 [F l diZ - F % &iz\ - m 3/2 zF 1 'di\og{kH 1 kH 2 ) 



-m 3/2 p z (F l diZ + Pd-jz) + Pz zF { di \og(k Hl k H2 ) + {pi + P2)F j d ]Z 
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T, 



P1+P2 
2 



(k Hl k H2 ) 2 



-F j F i 



djdiZ - (djZ^iiog (k Hl k H , 



(3.22) 



giving 



Bp, = 



Pl+P'2 n 
. 2 P z 



{k Hl k H2 ) 2 



2 - (pi +P2)(1 -PziPz + l))ml /2 z + V z 



+ (p z - l)zF i ^log(^ 1 /c// 2 )m 3/2 + m 3/2 ((1 - Pz )F l d iZ + ( Pl + p 2 - p 2 - l)F J 'fl^z) 



P1+P2 „ 
. 2 P z 



{k Hl k H2 ) 2 



PF' [djdiZ - d- jZ d t \og(k Hl k H , 2 )\ 



(3.23) 



We now note that when p a = 1, there are cancellations in each of equations (|3.S|), 
(3.18) and ( |3.23 ). This is an independent illustration of the the critical nature of the value 



p a = 1 that appears in equation ( 2.11 



If we now use the correct value p a = 1, and also assume a vanishing cosmological 
constant Vq = 0, we obtain 



Y a /3y 



Y 



af3"/ 



{kakpky 

F i d l z 



1 > 
2 



2 



/?7 



Bp 



(k Hl k H2 )2 

-J2f* log k a ( n ), 

-^2 / F i d i log(k a kpk^ 



(k Hl k H2 



djdiZ - dpdi log(k Hl k H2 ] 



We further simplify these expressions by expanding k a (T s ,4>) and z(t s 
series in r s , 

k a (r s , 0) = t s a A;°(0) + Otf- 1 )^) + ..., 
z(t„ <f>) = T*z°(<j>) + 0(r s A - V(0) + • • • • 



(3.24) 
(3.25) 

(3.26) 
(3.27) 

(3.28) 

(3.29) 

as a power 

(3.30) 
(3.31) 



We assume k a and 2 have the same scaling power A. The soft parameters then become 

Yoi/3^/ 



Y, 



a/37 3A 1 ' 

(k«k*k°(<P))2 

\*r.J (k° Hi k% 2 



1 > 

2 



(3.32) 
(3.33) 
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Mi = — , (3.34) 

m l = x (wr) (wr) > ( 3 - 35 ) 



A aM = -3A (3.36) 
Bfi = rA(A + 1) f ^ f ^) . - (A + 1)/L (3.37) 

The expressions ( 3.32| ) to ( |3.37| ) are appealingly simple. Note that the supersymmetric 
parameters, namely Y a p~ and fi, both require knowledge of the flavour sector through the 
complex structure moduli. However the soft parameters are entirely set by A and F s . As 
discussed in [8], < A < 1, and for the geometry of the minimal model A = 1/3. In this 
case, the pure soft parameters in the dilute flux approximation become 

Mi = ^, (3.38) 

m a = -j=M it (3.39) 
A aM = -M u (3.40) 
B = —Mi. (3.41) 

It is amusing to note that the scalars, gauginos and A-terms in expressions ( 3.3$ ) to ( 3.41| ) 
are identical to that of the dilaton-dominated scenario that was much studied in heterotic 
models. Notice that all soft terms are proportional to ~ m 3 / 2 / log(Mp/m 3 / 2 ) and are 
therefore reduced with respect to the gravitino mass. 

3.3 General Non-Diagonal Matter Metrics 

We now want to extend the above formulae to the case of arbitrary non-diagonal matter 
metrics. The expression for the normalised gaugino masses is unaltered 



Mi = —. (3.42) 

The soft scalar Lagrangian is 

Csoft = k a -^C a d»C~P - fh 2 a pC a & - {^A' aPl C a C p C^ + BixH x H 2 + c.c^j , (3.43) 
where [2] 

K? = K/2 + V )K^ - F™~F n (drnd n K a p - (d m K a ^ s (d n K s0 )) , (3.44) 

- ((d m K ap )KP 5 Y S(3l + (a «- 0) + (a «- 7)) ] . (3.45) 
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As with the diagonal case, we can extract the overall volume dependence to write 

K a p=n P k a ^^)- ( 3 - 46 ) 

Again p = 1, but as above we for now leave p unspecified. We first compute the Lagra- 
gian parameters and A! a ^ f , before subsequently considering the physical masses and 
couplings. 

The expression for soft masses becomes 



in 



a/3 



[m\ j2 + V )K t 



J 3/2 



a/3 

d- b d b (r^k 



ap 



dbdi (n P Kp 
&id b (r b ~ p k a p 



fydj ( T b P Kp 



p° 
pi 

Putting Vq = 0, this becomes 

™lp = m l/2 T b P K-M) 

p(p + 1) 



®b {jb P ^cry 
°^ \ 'b a "( 



'b\^ b Hp 



rlk^d, n p k 



• Is Hp 



3 \ b Hp 



(3.47) 



-(2r 6 ) 2 m| /2 
-(2r b )m 3/2 F t 
-(2r 6 )m 3/2 ^ 



T b K aP 



2 n 

2r b Tb 6lk ^ 



( P/ u — pi v isf6\ ( P) —'Pi, 

KofyT~ b (Tfo K ) _ Tu K 



2n 
(-P) 



2r 6 



2r b 



b Hp 



-P)r. --P 



, ( , (T p k' yS )T b p dik Sj3 



&cre r ft P ( T b ^ 6 ) T b P 9jk S/3 



.pi pj 



T b p didjk a p 



(d l k a ^ 5 r p ){r b - p d- J k S p) 



(3.48) 



Contracting indices we obtain 

^Ip = m l/2( T b P Kp) - m l/2 {P(P + !) -P 2 ) 

-m 3/2 F l T~ p {-pdik a p +pdik a p) - m 3/2 F :l T~ p (-pdjk a p + pdjk^) 



-F i F^r~ p 



didjk a - (d i k a ^)k' yS (djk0U . 



This simplifies to 



<p = r b P ml /2 k a p{l-p) - F 1 Pt~ p (d^k^ - (^)fc^(fi^)) . 



(3.49) 



(3.50) 



For the critical value of p = 1, ( 3.50| ) simplifies to 



■in 



'2_ 

ap 



P l pj 

n 



(3.51) 



Now consider the A-terms ( |3.45| ). As before, the Kahler moduli do not appear in the 
superpotential and thus 

F m d m Y aPl = 0. (3.52) 
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This simplifies Q3.45Q to 



Km = e R / 2 F m k m Y aM - Ud m k ap )kP 5 Y 5Pl + (« <-> /?) + (« <-» 7 ) 



(3.53) 



The calculation of F m K m depends only on the moduli fields and thus the previous result 

F m K m = 3m 3/2 (1 + 0{V- 1 )) , 



( 3.14 ) is unaltered, 



giving 



A' - e k l 2 



3m 3/2 y a/37 - F m [id m K ap )KP s Y 5Pl + (a «- (5) + 
We split the sum over moduli in ( 3, 55] ). 



(3.54) 



(3.55) 



A' - e k > 2 



37713/2^0/37 



F b (d b K ap )K~P s Y 5M + ( tt <- /3) + (a <-> 7) 
F* ([dik ap )k^Y SM + (a^f3) + (a^ 7)) 



(3.56) 



-(-2r 6 m. 



3/2; 



-^ P k ap {r p b k^)Y 5M + (a <-> /3) + (. 



2r fe 



a <-> 7) 



(a <-> 7) 

Simplifying (|3.57j ) we obtain 



A 



a/3-f 



Jt/2 



3(1 - p)m 3/2 Y a ^ - F i ((dik ap )kP 5 Y s ^ + ( a ~P) + (a~ 1 ) 



Imposing the critical value p = 1, we get 



A' 



a/37 



e k / 2 F l ({dik ap )kP 8 Y 5M + (a <-> /J) + (a <- 7) 



(3.57) 



(3.58) 



(3.59) 



There is no family replication in the Higgs sector, and so for the fi and B terms the 
issues of non-diagonal metrics do not apply. As with the diagonal case, the unnormalised 
physical fj, term is 

f/ = e k l 2 i x + m 3/2 (l - Pz )z - (F%z)Tr p \ (3.60) 
Imposing p = 1 and the vanishing of the superpotential fi term, we obtain 

F~%z 



The normalised // term remains 



n 



F^iZ 



(3.61) 



(k Hl k H2 {Ti,4>)) 



1 • 

2 



(3.62) 
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The B-term calculation is likewise unaltered and the general un-normalised B term can be 
read off from ( 3.23| ). Putting p = 1, we again obtain 



Bfi = -F~iF l [djdiZ - (d ] z)d i log (k Hl k H2 )] . (3.63) 
where we have assumed p z = p\ = pi = 1. Finally, the unnormalised Yukawa couplings are 

= e k l 2 Y a(5T (3.64) 
Gathering together the results on soft terms, we have 

K, - *=^, (3.05) 
n 

= e^ 2 Y Q/37 , (3.66) 

M ' = -(FdlzK 1 *, (3.67) 

Mi = ^-, (3.68) 



2Ti 



'2 

m s 
ap 



(did 3 k a - p - (dik^k^^kspfj , (3.69) 

A' a p>y = -e & / 2 F i ({diK^Ys^ + (a ^ 0) + (a » 7 )) , (3.70) 
Bp, = -F^F i [d-diz - (d- jZ )di log (k Hl k H2 )] . (3.71) 

Notice again that having imposed p = 1 the F-term of the large modulus F b does not appear 
in these expressions and that all the soft-terms are proportional to JJr ~ "13/2/ l°g( m 3/2) 
and are therefore reduced with respect to the gravitino mass. 

Following the same calculational steps as for the diagonal case we now perform a power 
series expansion of k a g in terms of the small modulus t s . We write 

k a p(T s , 0,-) = T^k^) + 0(T$- l )~k l a p(<t>) + ..., 

T^k n 3{6) 

= s apVY) _ (3 _ ?2) 



As discussed further in [8] the subleading terms in (|3.72[) should be interpreted as loop 
corrections. For the geometry of the minimal model, A = 1/3. 

As discussed in [8] the power A is flavour-universal. This is because flavour is defined 
through the superpotential and in particular through the Yukawa couplings. It is the 
Yukawa couplings, and only the Yukawa couplings, that distinguish the top quark from the 
up quark. These only depend on the complex structure moduli, and thus it is the values 
of the complex structure moduli - not the Kahler moduli - that distinguish the different 
flavours. By neglecting the complex structure moduli and focusing only on the Kahler 
moduli dependence through the power A, we are insensitive to flavour. A will thus be 
universal for fields with different flavours but the same gauge charges. By contrast, the 
function k a g is flavour-dependent, as it is sensitive to the complex structure moduli which 
source flavour. 
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However, the form ( |3.72 ) of the matter metric in fact gives soft term universality! To 



see this, note that the soft terms m 2 ^ and A' aj3 ^ become 



= -3A 5- ) e * /2y «/»T> (3-73) 



(- 

1 F S F* 



(A(A - 1) - A 2 ) k ai 



'2 

m ; 

= X {j2^) K ^ (3 - 74) 

As the unnormalised soft scalar masses are proportional to the matter metric, the physical 
masses are universal and flavour- independent. Furthermore the A-terms are also propor- 
tional to the Yukawa couplings, and thus the scalar superpartners are diagonalised by the 
same transformation that diagonalises the Standard Model fermions. Thus the physical 
soft terms in the non-diagonal case are in fact identical to those found for the diagonal case 
in equations ( 3.32| ) to ( |3.37| ). For the minimal model with A = 1/3, this again gives 



Mi = (3.75) 

m a = -fiMi, (3.76) 
v3 

A aM = -Mi, (3.77) 

B = ~M t . (3.78) 

In the next section we discuss universality and explain on a more conceptual level why the 
above computations led to universal soft terms. 

3.4 Universality and Gravity Mediation 

Gravity mediation is commonly held to have a generic problem with non-universality, be- 
ing expected to lead to non-diagonal squark masses and large unobserved flavour-changing 
neutral currents. The intuition for this is that flavour physics is Planck-scale physics, sen- 
sitive to the details of the compactification. In gravity mediation, supersymmetry breaking 
is also Planck scale physics, and thus we expect the physics that breaks supersymmetry to 
also be sensitive to flavour, thus generating non-universality. This has encouraged the de- 
velopment of other approaches to supersymmetry breaking, such as gauge [26] or anomaly 
mediation [27,28]. These have in common the property that the supersymmetry breaking 
sector is decoupled or sequestered from the flavour sector. 

A general pre-requisite for universality is that supersymmetry breaking does not see 
flavour. With this in mind, let us reconsider universality in gravity-mediated models. Grav- 
ity mediation is characterised by a hidden sector that only couples to visible matter through 
non-renormalisable operators. For supersymmetry breaking to be flavour-universal, it is 
necessary to be able to divide the hidden sector (i.e. the moduli) into (at least) two 
decoupled sectors 

^ ~~ ^susy-breaking ® ^flavour' (3.79) 
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One sector is responsible for breaking supersymmetry, while the other (x) is respon- 
sible for breaking universality and generating the flavour structure through the Yukawa 
couplings. As the ^ sector breaks supersymmetry and generates soft terms, we have 

DyW + 0, 

/ 0. (3.80) 

As the x sector breaks universality and generates flavour, in order for soft terms to be 
flavour-universal the x sector must not break supersymmetry. We require 

D X W = 0, 

F x = 0. (3.81) 

As F x contains a term e K / 2 K x ^ Dq,W and D^,W ^ 0, for these equations to be satisfied 
we require K x = 0. That is, the two sectors ^ and x must be entirely decoupled and the 
hidden sector metric must be block-diagonal, 

We suppose such a decoupling can be achieved and consider, within supergravity, the 
dependence of the superpotential and Kahler potential on ^ and x- As does not see 
flavour, it must be absent from the superpotential Yukawa couplings, 

*Wx,*) =Y afh (x). (3.83) 

Furthermore, as does not see flavour the matter Kahler metric can only depend on ^ as 
an overall, flavour-universal, prefactor, 

Kpix^) = m)~Kp{x)- (3-84) 



One may confirm through the formulae ( 3.44 ) and ( 3.45|) that the above metric and su- 



perpotential with the supersymmetry breaking of ( |3.80| ) and ( |3.81| ) do indeed give physical 
soft terms that are flavour universal. 

In the context of effective field theory, the above decoupling is obviously unnatural. 
There is no reason for certain moduli to be excluded from the superpotential, and in any 
case a generic hidden sector cannot be written as a direct sum of two distinct sectors. 
However, this is not the case in string theory. In string compactifications the moduli can, 
at leading order, be separated into distinct sectors, 

<& = (dilaton) © (complex structure moduli) © (Kahler moduli). (3.85) 

The leading order Kahler potential is 6 

K = — \n(S + S) - In (i J n A QJ - 2 ln(V), (3.86) 

for IIB compactifications - very similar expressions hold for other cases. 
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and generates a block-diagonal metric, 



(K S s 



V 









UiUj 








■Krp rpi 



K UitJi | . (3.87) 




Furthermore, it is well-known that brane worldvolume theories do exhibit a decoupling of 
Kahler and complex structure moduli. For B-type branes, the superpotential describing 
the theory on the brane worldvolume depends only on complex structure moduli, whereas 
for A-type branes the superpotential depends only on Kahler moduli [29]. The genericity 
arguments for flavour non-universality in gravity-mediated supersymmetry breaking there- 
fore do not necessarily apply to string compactifications, where the moduli do separate into 
distinct sectors. Flavour universality can be achieved if one of these sectors - the Kahler 
moduli - break supersymmetry while a second sector - the complex structure moduli - 
source flavour. The complex structure and Kahler sectors are separate but related: the 
symmetry that relates the sectors but also keeps them distinct is mirror symmetry. 

Our contention is that is exactly what occurs for IIB flux models. As argued above, the 
constraints of holomorphy and shift symmetry imply that the Kahler moduli cannot appear 
in the superpotential and do not see flavour. The complex structure moduli do appear in 
l^, / g 7 and source flavour. However, it is the Kahler moduli that break supersymmetry - 



DtW while D\jW = 0. As the metric of (3.87) is block-diagonal, this is equivalent 
to F T ^ and F u = 0. The moduli controlling supersymmetry breaking are decoupled 
from the moduli controlling flavour, and thus the soft terms generated are naturally flavour- 
universal. IIB flux models, and in particular the large-volume models used above, naturally 
map into the general analysis above, 

if <^=^ Kahler moduli, 

X < ^=^ Complex structure moduli. 



We can now understand the calculations of sections [3^ and as simply the calculational 
illustration of this decoupling. 

We also note that the above arguments also apply to the dilaton-dominated scenario 
in heterotic string theory, which is well known to give universality [2]. In the heterotic 
string the dilaton has a shift symmetry, 

Im(5) ->Im(S) + ei, (3.88) 

which corresponds to a shift in the universal axion and is unbroken in perturbation theory. 
This implies the dilaton cannot appear in the tree-level superpotential and thus cannot 
enter the Yukawa couplings. If the dilaton dominates the supersymmetry breaking, the 
supersymmetry breaking sector is again decoupled from the flavour sector and soft term 
universality is guaranteed. In this case the correspondence is 

* Dilaton, 

X Complex structure moduli. 
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In the IIB context the product matter metric 

K a0 = f(T + f)~k a 0) (3.89) 

gives soft terms with exact flavour universality. We noted that we expect this product form 
to break down at subleading order in r s . As t s controls the gauge coupling, this expansion 
corresponds to loop corrections. We would naturally expect these to be flavour sensitive 
- loop corrections are sensitive to particle masses, and thus different flavours should feel 
these corrections in different ways. The subleading terms that destroy the product form 
will also destroy exact universality, which will only hold at leading order. Another way of 
stating this is to say that in the presence only of J\f = 1 supersymmetry, the decoupling of 
the T and U moduli will hold only at leading order and will not be preserved to all orders 
in perturbation theory. 

However these are side issues which do not affect our main point, that soft term flavour 
universality is naturally expected in IIB flux models: the complex structure moduli source 
flavour, the Kahler moduli source supersymmetry breaking, and at leading order the two 
do not talk to each other. 



3.5 CP violation 

Let us also discuss CP violation in the context of the above soft terms. The MSSM adds 
a set of potentially dangerous additional sources of CP violation to the Standard Model. 
These can be parametrised as follows [30], [31]: 

H = {arg (^A }, <Pb = {argS}, (ft c = {arg(M a )}. (3.90) 

The physically relevant combinations (ft = {(ft a — (ftc-, 4>B — <ftc} are strongly constrained by 
the measurements of the electric dipole moment, (ft < 10~ 2 — 10~ 3 . 

Let us now consider the soft masses obtained in ( |3,73j ) and ( p.75| )-( ]3~78] ). The phase 
of Aafo/Yapry is aligned with the phase of F s /(2t s ), i.e. the gaugino mass. Therefore 
4>A — 4>c vanishes. The same argument can be applied to deduce that (ftB — 4>c also vanishes. 
Therefore there are no extra CP violating contributions, and the experimental constraint 
on the phases (ft is satisfied in the scenario under consideration. 

3.6 Anomaly-Mediated Contributions 

In this section we compute the magnitude of anomaly-mediated contributions to gaugino 
masses following [32] (also see [33]). In that paper a formula is given for anomaly- mediated 
contributions to gaugino masses in supergravity, 



mi/2 



16vr 2 



(3T G - T R )m 3/2 - (T G - T^KiF* - ^(lndet K^F 1 



(3.91) 



Here K\ R is the Kahler metric restricted to the matter fields in representation R (i.e. 
we only take derivatives with respect to the matter fields), dn is the dimension of the 
representation and Tr is the Dynkin index of the representation. There is an implicit sum 
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over matter fields and representations in ( p.91 ). Tq is the Dynkin index of the adjoint 
representation, and 3Tq — Tr is the coefficient of the /3-function. In minimal anomaly- 
mediation, the latter two terms of equation ( [3.91 ) are absent. The F l are the normal 
supergravity F-terms for the moduli fields. 

The dependence of the matter metric on moduli fields enters ( 3.91] ) through the third 
term and in particular through lndet-fC|^. As disussed earlier, we write 

Kcc =U^CC. (3 . 92) 

We assume there are cIr matter fields. The metric K\ R is simply the matter metric and is 
a <Ir x <Ir matrix, with 

= -^p^, (3.93) 

where 

h fj (r s , cf>) = t s a A^(</>) + r^X'^) + .... (3.94) 

Then 

(deti^)~^X(</>), (3.95) 
T b 

where X((fi) is a complicated function of complex structure moduli. These expressions hold 
so long as the matter fields have vanishing vevs. We then have 

lndetiT|^ = AdfthiTs — pdnhiT^ + . . . , (3.96) 

and 

1 \F S r>F b 

-(lndet^,,F- = _-!-. (3.97) 

We also recall that 

KiF* = ~ (1 + 0{V- 1 )) = 3m 3/2 (l + ©(V- 1 )). (3.98) 
We can then evaluate the anomaly-mediated contribution to gaugino masses to obtain 



mi/2 



16vr 2 



2T R {1 - p)m 3/2 - 2\T R [ |- 



(3.99) 



This expression has a similar form to those previously encountered in our analysis of soft 
terms: there is a dominant part, which cancels for the critical value p = 1 and a suppressed 
part depending on the F-term of the small modulus (we recall this is naturally suppressed 
by a factor 30 compared to the gravitino mass). For the actual values p = 1 and A = 1/3, 
we obtain 2 

m 1/2AMS B = ±p\T R (^-) ■ (3-100) 
Because of the no-scale p = 1 cancellation, this is suppressed compared to the tree-level 

2 

term by the loop factor and is thus negligible. 



- 23 - 



Thus, while we may have expected a competition of modulus and anomaly mediation 
due to the suppressed tree-level gaugino masses, this does not in fact occur. The anomaly- 
mediated contributions are doubly suppressed: once by the loop factor, and once by the 
same suppression as occurred at tree-level. The root of this double suppression lies in the 
no-scale structure, which gives rise to the p = 1 cancellation. 

Similar behaviour will occur for anomaly-mediated contributions to scalar masses. For 
a no-scale model, these cancel as for anomaly-mediated contributions to gaugino masses 
[27,33]. In our models, the no-scale structure is broken by the F-terms for the small moduli, 
and these will give rise to anomaly-mediated contributions as in (13.1001) . However, as m 



( 3.100|) such contributions will be doubly suppressed, once by the loop factor and once by 
the small modulus F-term 7 . 

The upshot of these discussions is that, owing to the pseudo-no scale structure, the 
anomaly-mediated contributions are suppressed by a loop factor compared to the tree 
level soft terms and not compared to the gravitino mass. This implies that they can be 
consistently neglected in our analysis of soft terms. 

3.7 Comparison with previous results 

In [14] a preliminary calculation of scalar masses was performed without knowledge of 
the matter metric. In particular, the power of the large modulus t& in fl2.12|) was left 
undetermined. Denoting this power by p, it was there found that 

Mi = - — ~ r -^-, (3.101) 
2t s lnm 3 / 2 

m? = (l-p) m § /2 + ^l. (3.102) 

Since the power p was not known for chiral matter, reference [14] considered the generic 
value of p 1. In this case scalar masses should be comparable to the gravitino mass and 
thus significantly larger than the (logarithmically suppressed) gaugino masses. This was 
used for considering universality of scalar masses since scalar masses could be written as 



- - [(l-p) + e?]m§ /2) (3.103) 



with €i ~ 1/log (Mp/m 3 / 2 ) ~ 1/30 being responsible for the breaking of universality. This 
was understood by arguing that if the Standard Model lives on a small cycle, and the 
stronger source of SUSY breaking is the F-term associated to the size of the large cycle, 
then locality would imply that the source of non-universality could be associated to the 
suppressed value of the F-term corresponding to the small cycle, that is suppressed. 

However the results of [8] show that for bifundamental matter actually p = 1. While 
this does not obviate any of the calculations of [14], it does change the interpretation, as for 
p = 1 the scalar masses are comparable to the gaugino masses rather than logarithimically 



7 This behaviour should also be present in other configurations such as for D3 branes in KKLT models 
that, to leading order, have a no-scale structure and cancellations of soft terms will happen for both the 
standard gravity mediation and anomaly mediation. 
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larger. For matter with p / 1, the scalar masses would be logarithmically larger than 
the gaugino masses. An example of such matter would be D7 adjont matter. It would be 
interesting to find other examples of matter giving p ^ 1. 

This modifies the discussion of universality. We however have been able to prove 



in sections |3.3| and 3.4 that there is still leading-order flavour universality even for the 
second term in equation ( |3.103[ ). This is because the source of non-universality is the 
flavour mixing in the Yukawa couplings that have no perturbative dependence on any of 
the Kahler moduli, large or small. 



4. RG Running and Sample Spectra 

We now turn to a phenomenological analysis of the large volume models with soft terms 
as described in §3.2] , Since the soft terms are computed at the string scale, to obtain the 
low energy spectra they need to be evolved to the weak scale using the RG equations of 
the MSSM. For this purpose we use the program SoftSUSY2.0 [34]. By doing so we are 
making the strong theoretical assumption that the only charged matter content below the 
string scale is the MSSM. 8 

The resulting low energy spectra are then subjected to various experimental con- 
straints. These are the size of the b — > S7 branching ratio, the anomalous magnetic moment 
of the muon (g — 2)^ and the dark matter relic density O/i 2 . 

The average measurement of the b —* 57 branching ratio is obtained from [36]: BR(b — > 
s 7 ) = (3.55 ± 0.26) x 10~ 4 . The theoretical uncertainty in this result is [37] 0.30 x 10~ 4 ; 
adding the two errors in quadrature, we obtain the la bound, BR(b — ► S7) = (3.55 ± 
0.40) x 10" 4 . 

We also impose limits on the new physics contribution to = (<?„ — 2) /2. The average 
experimental value of o M is 11659208 x 10~ 10 [38]. Following [39], we use the Standard Model 
computation based on data from e + e~ — ► hadrons, which predicts 11659186 x 10 -10 , rather 
than that based on tau leptons. Combining the two results (with respective uncertainties) 
yields the la bound on the non- SM contribution to a M , 5a^ = (22.2 ± 10.2) x 10 10 . It 
is important to note that <5a^ usually has the same sign as fj,, so fx > is preferred by 
experiment. 

We also impose bounds on the Higgs mass obtained by the LEP2 collaborations [40]. 
The lower bound is 114.4 GeV at the 95% CL. The theoretical computation of the Higgs 
mass in supersymmetric scenarios is subject to an estimated error of 3GeV, and so we 
impose > HlGeV on the result obtained from SoftSUSY. 

The WMAP [41] constraint on the relic density of dark matter particles (at the 2a 
level) is 

0.085 < Mi 2 < 0.125. (4.1) 

We compute the neutralino contribution to dark matter using micrOmegasl . 3 [42]. The 
lower bound in ( |4.1| ) is only applicable if we require that the neutralino is the only contri- 

8 The dilaton-dominated scenario with an intermediate string scale was also investigated in [35]. In 
addition to the improved software and constraints since [35], this work also differs from [35] in that the soft 
terms are derived after a process of moduli stabilisation rather than assumed ad hoc. 
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Figure 3: Contour plots of (a) BR(b — ► 57) (b) da^ and (c) flh 2 on tan/? and M, for fi > and 
m s ~ 10 11 GeV. 2a bounds are used. The blue region in (d) denotes that the LSP is stau, the 
white that it is neutralino. 



bution to dark matter. Since there may be other dark matter constituents, such as axions 
or for the large volume models the volume modulus, the upper bound on Q/1 2 is the most 
relevant. 

The values of the Standard Model input parameters used in our computations are the 
current central values: m t = 171.4GeV [43], m b (m b ) MS = 4.25GeV, a s (M z ) = 0.1187, 
a~ 1 (M z ) MW = 127.918, M z = 91.1187GeV [39]. 

We first neglect the constraint on the B soft term and scan over various values for the 
gaugino mass M and tan (3. The micrOmegasl . 3 package, interfaced with Sof tSUSY2 . via 
the SUSY Les Houches Accord [44], is used to compute the b — > S7 branching ratio, Sa^ 
and Qh 2 . The constraints are presented on separate plots in figures || and ||. 
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Figure 4: Contour plots of (a) BR(b ~ * sj) (b) <5a M and (c) Vlh 2 on tan (3 and M for /j, < and 
m s ~ 10 11 GeV. Note that 3cr bounds are used. The blue region in (d) denotes that the LSP is 
stau, the white that it is neutralino. 

Figures ||, |] also show regions in the M — tan (3 plane with stau LSP. The existence 
of a stable charged LSP is experimentally ruled out [45] and therefore if such a scenario 
is to be considered, it must include R parity violation to allow the LSPs to decay before 
nucleosynthesis . 

We also scanned the M — tan/3 parameter space for potentially dangerous charge 
and colour breaking (CCB) minima (see e.g. [1,48]). This was done by investigating the 
unbounded from below UFB3 direction in field space. As described in [49], UFB3 is the 
most restrictive of the UFB and CCB constraints. Other less restrictive CCB minima were 
also investigated. In the region of interest we found no such minima, for both the fj, > 
and fj, < cases. 



-27- 




Figure 5: Experimental constraints on the parameter space: If a neutralino LSP is to account for 
the CDM part of the Universe, then the allowed regions 0.085 < Q^oh 2 < 0.125 for (left) fi > 
and 0.075 < Q^oti 2 < 0.135 for (right) \i < are bounded by the red contours. The bounds are at 
2<7 and 3cr respectively. The white region represents non neutralino (stau) LSP points. The blue 
and pink curves respectively are the <5a M and BR(b — > sj) bounds. The cyan curve is the 111 GeV 
bound on the Higgs mass. 

The combined results involving all the experimental constraints and displaying stau 
LSP regions are shown in figures ||, ^| 

We can see that in the [i > regime there is a very restricted throat-like region in the 
M — tan (5 plane which satisfies all the experimental constraints (including dark matter) 
and has a neutralino LSP. If the lower bound on Qh 2 is not imposed the region is much 
larger. In the [i < regime the experimentally allowed region is entirely stau LSP, so one 
is forced to consider R-parity violating models (for a recent discussion see [46]. 

Table |l] shows a few sample points, one with /x > from the allowed region in figures 
|H| and H and one with /j < with stau LSP, which pass all the experimental constraints 
we imposed. The corresponding spectra computed using SoftSUSY are also shown. The 
spectra B and C are also pictorially represented in figures ^ and ||. 

We next attempt to also impose the high scale constraint B = — 4M/3. This turns 
out to be impossible to satisfy for fj, > 0, as Figure indicates. For fi < it can only be 
satisfied in the very low tan (5 region. However, for those values of tan j3 the Higgs mass is 
below the LEP bound. 

Therefore we are forced to assume that there is some mechanism at work responsible 
for generating the correct i?-term, e.g. a low energy coupling of the form aNH\H2 with a 
gauge invariant scalar N which obtains an appropriate vev. 

One necessary caveat on all the above results is that they are all obtained in the dilute 
flux approximation, where we have neglected the contribution of magnetic fluxes to the 
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Figure 6: Contour plots of Sa^, BR(b — ► 57) and ilh 2 on tan/3 and M for (a) /i > and (b) < 
and m s ~ 10 11 GeV. 2a bounds are used for /i > while 3cr ones are used for /i < 0. 
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Figure 7: The ratio B/{— 4M/3) over a range of values of tan/3 for (a) /i > and (b) /i < and 
m s ~ 10 11 GeV. 

gauge couplings. A further caveat is that there may be additional vector-like matter at 
the TeV scale that will alter the running of the soft terms (for explicit string models where 
this effect has been studied see [47]). The results are therefore necessarily approximate and 
there is a certain amount of 'theoretical error' in the soft terms used. 9 In particular, we 



9 In order to estimate the changes that our assumptions may have, we also computed the spectrum for 
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have used universal gaugino masses even though the Standard Model gauge couplings are 
not unified at the intermediate scale. In the large volume model, we interpret this lack of 
unification as due to the magnetic fluxes. These fluxes will also modify the matter metrics, 
and in general contribute corrections to all the soft terms considered here. The magnitude 
of these corrections can be roughly estimated by the fractional non-universality of the 
SU(2) and SU(3) gauge couplings at the intermediate scale. The above results should 
all be understood as leading order results in the dilute flux approximation. It would be 
interesting to perform a careful study of the extent to which the inclusion of magnetic 
fluxes would alter the results in this section. 
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Figure 8: Pictorial representation of sample mass spectra in allowed [i > region. The numerical values 
are shown in column B of the sample spectra table. 



5. The Simplest KKLT Scenario 

Let us now briefly recall the one-modulus KKLT scenario. In this case there is only one T 
field and the volume is given by V = (T + T*) 3//2 . Here the flux superpotential is required 
to be very small, Wo ~ 10 -13 , in order to address the hierarchy problem. The minimum 
of the scalar potential is super symmetric AdS and supersymmetry is only broken by the 
lifting term, which unfortunately is the least understood ingredient of the KKLT scenario. 
This has an important effect on the structure of soft breaking terms, leading to the overall 

a model with the spectrum of the MSSM plus extra doublets such that gauge unification is achieved at 
the intermediate scale. The spectrum takes a similar structure as the one shown here, with the scalar 
masses increasing by 10 — 20 GeV, and the lightest neutralino becoming roughly 40 GeV lighter; this has 
the interesting consequence of expanding the neutralino LSP region in figure H. 
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0.01 





Table 1: Sparticle spectra for two sample points with \x > and < 0. All masses are in GeV. 

suppression by the factor ln(Mp/m 3 / 2 )- Soft terms have been computed for general values 
of the modular weight in the matter Kahler potential. However the phenomenological 
analysis has mainly been performed for vanishing modular weight which is standard for 
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Figure 9: Pictorial representation for sample mass spectra in [i < and stau LSP region. The numerical 
values are shown in column C of the sample spectra table. 



non-chiral D7 adjoint matter. 

The expression for soft masses found in [15] takes the form: 



m\ = (1 - n\) 



(T + T* 



1 



32-7T 2 dlog n 



+ 



\ \w a / 



F T 



F 



+ 



F 



(T + T*) \47r 2 %J (T + T*) \4tt 2 & 



(5.1) 



Here $ is the conformal compensator field, b a are the one-loop beta function coefficients, 
g a the gauge couplings, 7a are the anomalous dimensions of the matter fields C A , and T a 
are group theory factors. Finally, n\ is the power of T + T* in the expansion of the Kahler 
potential in matter fields, 



K = — 31og(T + T*) + 



C*C 



(T + T*] 



The F-terms can be written as 



F ~ 167T M s , F A /(T + T* 



aM q . 



(5.2) 



The parameter a depends on the shape of the potential used to lift the supersymmetric 
AdS vacuum to a de Sitter one, but is typically in the range 4 — 6 [15]. The soft terms 



- 32 - 



( |5.1| ) can be rewritten as 



m\ = M 2 ((l - n x )a 2 - 7A + 2a(T + T*)9 t7a ), (5.3) 

with j\ = 8ir 2 dj\/dlogiJ,. 

In the paper [16] the value n\ = corresponding to a field in the adjoint representation 
was used. However, in [8] it was shown that the correct modular weight for a chiral field 
is actually n\ = 2/3. Using the explicit expressions for 7 and (T + T*)9t7i (see [16]), one 
then finds boundary conditions at the GUT scale for the first two generations of particles: 

m 2 L ~ (-1 - 2a + a 2 /3)M 2 , 
m| ~ (-2 - a + a 2 /3)M 2 , 
m ^ ~ (2 -4a + a 2 /3)M 2 , 
m 2 ; ~ (1 -3a + a 2 /3)M 2 , 

m 2 D ~ (2 - 3a + a 2 /3)M 2 . (5.4) 

Requring all the masses to be positive (in order to prevent tachyons and/or charge and 
colour breaking minima from appearing) gives a lower bound on a, a > 11.5. Such values 
are difficult to obtain in the KKLT scenario. 

A full reanalysis of the phenomenology of this scenario is beyond the scope of this 
article. Note that combining gravity and anomaly mediation also leads to some ambiguity 
of the soft terms. Even though gaugino masses have been fully determined in all gener- 
ality [32], scalar masses have a Planck scale physics dependence that is not usually under 
control. Fortunately for the large volume case the cancellation was due to the standard 
cancellation of soft terms for no-scale supergravity that has been established in [27,33] and 
this ambiguity is under control. 10 Furthermore, since in the KKLT scenario the value of T 
is not very large, a' corrections should play an important role. It would be interesting to 
consider these corrections using the results of [50]. 

6. Conclusions 

In this paper we have been able to go a long way towards developing a concrete model of 
low-energy supersymmetry breaking for chiral matter fields from D7 branes. Notice that 
D3 branes were considered in [12, 13] but there was a need to fine tune in order to obtain 
low-energy supersymmetry breaking. Previous discussions of soft terms for D7 branes used 
the matter metrics for non-chiral adjoint fields since the Kahler metric for chiral fields was 
unknown. Using the recent results of [8], we were able to find the soft supersymmetry 
breaking terms for chiral fields also, which are the ones most relevant for phenomenology. 
We have found several interesting results. 

10 The ultraviolet effects can be controlled for instance by regularising with Pauli-Vilars fields that appear 
in the no-scale combination (we thank E. Poppitz, M.K. Gaillard and B. Nelson for helpful discussions on 
this point). 
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1. There is a small hierarchy between the gravitino mass and all the soft breaking 
terms. This is given by the suppression factor e _1 = log(Mp/m 3 / 2 ). This allows 
the gravitino to be more than one order of magnitude heavier than the scalars and 
gauginos. Without having to fine-tune Wo, the large- volume scenario solves the 
hierarchy problem with an intermediate string scale m s ~ 10 11 GeV. The scenario also 
naturally generates an axion decay constant within the allowed window [51]. We are 
then led to a hierarchy of scales m s ~ 10 11 GeV S> m 3 / 2 ~ lOTeV > m so ft ~ 500GeV. 

2. For general non-diagonal matter metrics we were able to extract a remarkably simple 
structure of soft terms, depending only on an overall scale Mj ~ em 3 / 2 and a param- 
eter A which is the modular weight of the corresponding matter fields with respect 
to the small cycles, 

F» 

y/XMt, 
-3XM t , 

-(A + l)Mi. (6.1) 

This produces a well motivated scenario of soft SUSY breaking at low-energies which 
can be subjected to a detailed phenomenological analysis. 

3. The structure of the soft terms provides an elegant explanation of universality. The 
origin of universality can be traced to the fact that the sector that controls flavour 
(complex structure moduli) is decoupled, at leading order, from the sector that breaks 
supersymmetry (Kahler moduli). It is promising to have a solution to probably 
the most serious problem of gravity mediated supersymmetry breaking. Note that 
universality is only approximate in our scheme, as it is valid only to first order in an 
expansion of the Kahler moduli. This is interesting because it predicts the breaking 
of universality at next order in a gauge coupling expansion. 

4. For the simplest case, corresponding to the Standard Model gauge and matter sectors 
coming from magnetised D7 branes wrapping the same cycle, A = 1/3. The structure 
of breaking terms is essentially the same as the dilaton domination scenario and only 
differs in the value of the soft terms compared to the gravitino mass and the expression 
for the B term. This is quite curious since the origin of these two mechanisms is 
completely different. Dilaton domination was considered very special in the heterotic 
case due to its simplicity, universality and potential connection with finite theories 
[52,53]. Furthermore, its simplicity allowed it to be subject to phenomenological 
constraints, such as the absence of charge and colour breaking, that ruled this scenario 
out for a string scale of Mqut- Fortunately these constraints were satisfied if the 
string scale is intermediate [35] as indeed happens with our case. Note that the 
difference with the previous studies is that in the past the value of the string scale 
was put in by hand but now it is derived after a well defined process of moduli 
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stabilisation. Furthermore in the past there were no explicit models in which dilaton 
domination was derived (see also the recent discussion in [54]). 

5. Even though the soft breaking terms are suppressed with respect to the gravitino 
mass, the anomaly mediated contribution is further suppressed. The main reason 
for suppression in both cases is the underlying no-scale structure of our scenario. 
In pure no-scale models anomaly mediated soft terms vanish. Since no-scale is only 
approximate in the large volume models, the AMSB soft terms are non-vanishing but 
they are suppressed compared to the minimal AMSB soft breaking terms. Recall that 
for the no-scale model anomaly mediation also gives vanishing soft terms and therefore 
its contribution is doubly suppressed (by the no-scale approximate cancellation and 
the standard loop suppresion). Therefore, contrary to the one-modulus KKLT case, 
anomaly mediation does not play a role in our scenario. 

6. The scenario provides interesting low-energy implications. Regarding CP violation, 
since the A terms are proportional to the gaugino masses, dangerous CP violating 
phases are not present (see for instance [30]). Second, there are regions in parame- 
ter space satisfying the standard constraints of charge and colour breaking minima, 
neutral LSP, BR(b — > sj), (g — 2) M and dark matter. 

7. The simplest one-modulus KKLT scenario also gets modified due to the knowledge of 
the chiral field matter metric. Even though this may not change the broad properties 
of the model, the detailed phenomenology is changed due to the particular value of the 
modular weight, being 2/3 and not as has been assumed in the phenomenological 
discussions in [15-17]. 

There are several open questions that deserve further study. It would be interesting 
to further explore all the phenomenological implications of this scenario, analysing collider 
signatures in a similar fashion to the pioneering work of [55]. We have also neglected the 
contribution of fluxes to the gauge couplings and therefore also to the gaugino masses. This 
corresponds to magnetic fluxes being diluted in the corresponding 4-cycle. Our analysis 
in this paper has all been done in the dilute flux approximation. In addition to gaugino 
masses, the fluxes will also enter the Kahler metrics. For this reason it would be very 
interesting to extend this work by going beyond the limit of large cycle volumes and dilute 
fluxes. In general it should be remarked that the running to low-energies can only be seen 
as an indication of the implications of our soft terms, since some of its details depend on 
the precise structure of the realistic string model, including spectrum and couplings which 
are model dependent. 

We have considered explicitly a minimal model in which the Kahler metric depends 
only on the volume and the corresponding 'small' modulus. A more general case would 
include dependence on other small moduli. 

One issue with the above large-volume scenario is cosmological. As has been empha- 
sised in [12, 14], our scenario is such that all but one of the Kahler moduli get masses 
of order m 3 / 2 /e- These moduli decay very rapidly and cause no cosmological problem. 
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However the modulus corresponding to the size of the large 4-cycle is lighter than the 
gravitino and extremely long lived. This may cause cosmological problems which need to 
be addressed [56,57]. 

Finally, this scenario has a dichotomy about preferred values of the string scale. Ei- 
ther we have the GUT scale motivated by gauge unification and inflation, or we have the 
intermediate scale, motivated by the solution of the hierarchy problem in gravity-mediated 
scenarios, as well as being the natural scale for axions to solve the strong CP problem. We 
have taken for our analysis the second option, motivated by the fact that to have the GUT 
scale we need very small values of Wq. We consider this to be a very strong fine tuning, 
which diminishes the significance of low-energy supersymmetry in addressing the hierarchy 
problem. Natural values of Wq ~ 1 select the intermediate scale. If the use of very small 
values of Wq can be justified, an extension of our analysis to include GUT scale string 
theory may be considered. This would be a replacement for the GUT scale fluxed MSSM 
models considered in [58], [59], [13], where the adjoint field metrics were used. However, it 
is well known that the entire M — tan (5 parameter space in the GUT scale dilaton domina- 
tion scenario suffers from the presence of CCB minima [60], rendering the scenario rather 
unattractive. 

It would also be interesting to search for scenarios in which the good properties of both 
the GUT and intermediate scale could be at work. 
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